It is well-known that generating receiver functions using the headwave on the vertical and radial components yields shearwave lags comparable to those obtained by conventional PSwave statics analysis. Combining these data with receiver functions of the transverse receiver component permits the evaluation of shallow anisotropy. In this onshore 3D3C dataset the weathered layer is found to be azimuthally isotropic, but the thicker layer beneath is distinctly anisotropic. In addition, this dataset provides evidence of the conversion of the upcoming PS-wave to a P-wave at the base of the weathered layer.
INTRODUCTION
Receiver functions are often used in global earthquake seismology to infer the depth of major crustal boundaries such as the Moho. When a (teleseismic) P-wave transmits through such a boundary part of the P-wave energy will convert into an S-wave. The time delay between the P-wave that is recorded on the vertical component and the S-wave that is recorded on the radial component can be used to infer the depth to the converting boundary. To remove the "common propagation path" between the P-wave and S-wave arrivals and isolate only the near-surface information the vertical component is deconvolved from the radial component to produce a receiver function. Alternatively it is also possible to achieve a similar result by cross correlating the two components. Receiver functions calculated from different seismic source points can be stacked to increase the signal-to-noise ratio.
In seismic exploration receiver functions are rarely computed and used. This is unfortunate as they may be of particular use to the processing of converted wave data where they can provide valuable information on the near-surface S-wave velocity structure and hence statics. This is evident from some recent publications by De Meersman and Roizman (2009), van Manen et al. (2002) and Li et al. (2007) . The use of shallow mode conversions to solve the converted wave statics problem had been identified much earlier (Houston et al., 1989) . Contrary to some of these early implementations that relied on handpicked first break and converted arrival estimates, most recent examples use automated approaches based on the concept of receiver functions.
In global seismology, receiver functions are typically computed from body waves using a P-to-S conversion generated through transmission. This is contrary to the exploration industry where some of the most successful examples for measuring S-wave statics with receiver functions use refracted energy. Indeed, a typical P-wave refraction will also convert and emit S-wave energy back to the recording surface (Lash, 1986) . This converted refraction has the same apparent velocity as the P-wave refraction, but will be recorded on the ra- In this study we use receiver functions of both the radial and transverse receiver components, and from two types of shallow mode conversions:
• P-to-S converted refraction (cross correlation of first break energy from P-waves on the vertical and PSwaves on the radial)
• S-to-P shallow mode conversions (cross correlation of a PS-wave reflection on the radial with PSP energy on the vertical)
We show that these arrivals are present in our example dataset and provide information on the near surface S-wave velocity as well as S-wave birefringence.
DATA ACQUISITION
Our example dataset was acquired in 2011 in an area of relatively low physical relief. The 3D seismic survey design allows uniform azimuthal and long-offset sampling at depths of 3,350 to 4,000 meters for the P-wave imaging. Additionally, a static 3C recording spread was used to sample the PS converted shear wavefield over a subset of the project area (Figure 1) . Objectives for the survey ranged from structural interpretation for lateral well placement to advanced P and S-wave Despite the low relief there is considerable variation in the surface geology. The southwestern half of the receiver patch is situated in a flood plain as illustrated in Figure 1 , where the near-surface is alluvium (Heran et al., 2003) . The area of highest relief to the northeast of the river consists of Pleistocene terrace deposits, typically beds of sand, silt and gravel. Between the flood plain and the terrace deposits there is a sliver of Permian shale, and that same shale is also present beneath the three northern-most receiver lines.
DATA EXAMPLE
Two components of an example receiver gather are shown in Figure 2 . These data are unfiltered, with only a 500 ms vector AGC applied for display purposes. The box labeled "(a)" highlights the P headwave on the vertical component and a shear-wave on the radial component. The shear-wave has the same linear moveout as the P headwave, 3,040 m/s, but consistently lags by about 60 ms. Following earlier examples (De Meersman and Roizman (2009); Li (2002)) we infer this shearwave to be a mode-converted headwave, and the time lag represents the difference between the P and S velocities through the weathered layer.
On the vertical component a P-wave reflection is visible immediately below box (a), with a zero-offset time of about 700 ms. This P-wave also generates a mode-converted PS-wave reflection highlighted in box (b) on the radial component. There is also a second lower-velocity P-wave visible on the vertical component, in box (b), with the same moveout as the PS-wave. It leads the PS-wave by a nearly-constant time shift.
RECEIVER FUNCTIONS
We first calculate the receiver functions by cross-correlating and stacking the vertical and radial components shown in box (a) of Figure 2 , as described by Li (2002) . No statics are applied for this analysis, but a linear moveout is used to aid in window selection. The result is mapped in Figure 3 (a) as the lag of the shear-wave relative to the P headwave. There is a significant change in the observed delay along the northern edge of the flood plain, with much smaller lags occurring through the shales and terrace deposits to the north. This result is in good agreement with a subsequent conventional receiver statics analysis using station stacks.
Applying the same technique using the vertical and radial data shown in box (b) of Figure 2 , we obtain the essentially identical result illustrated in Figure 3 (b) . This suggests that the only difference in the P and PS travel path is through the same weathered layer as for the previous P and PS headwave analysis. Combining this information with the low velocity of the P-wave and the observation that the P-wave is generally lower amplitude than the associated PS-wave, we infer that the Pwave in box (b) is a PSP-wave generated by conversion of the upcoming PS-wave in the weathered layer. Clearly our upcoming PS-wave is losing meaningful energy through conversion. cause both horizontal components are correlated with a common pilot (the leading P-wave on the vertical component) we maintain that vector fidelity is preserved in the process. This allows the unstacked radial and transverse receiver functions to be evaluated using conventional tools for azimuthal anisotropy analysis (Bale et al., 2009) . Moveout is not an issue because the leading P-wave closely parallels the associated converted shear-wave.
We were surprised to conclude that the weathered layer at this location is azimuthally isotropic. The fast shear-wave shows no preferential orientation ( Figure 5 (a) and (b)), varying randomly from station to station. The median slow shear delay in Figure 5 (c) is less than 2 ms (one sample) while the average shear-wave travel time is more than 50 ms. There are a few areas with larger delays, but some of these locations are dominated by local noise sources. Further, examination of azimuth substacks generated from the transverse component receiver functions show little signal and no evidence of azimuthal polarity changes.
In contrast, the thick layer beneath the weathering is clearly anisotropic, with the expected azimuthal polarity reversals visible on the transverse receiver functions. The axial median of the fast shear-wave polarizations in this layer is N81 • E (Figure 5(d) and (e)). This is very close to the result from the nearest well control, where the fast shear wave orientation is slightly under N80 • E (Figure 4 ). Results from a 9C VSP outside the project area show that the orientation of the fast shearwave varies little over the depth range 1,100 to 5,000 meters.
The validity of the slow shear delay times shown in Figure 5 (f) is uncertain. The upcoming split PS-wave is generating the P-wave used in the cross-correlation so it seems likely that azimuthal variations in the PS-wave arrival time are incorporated into the P-wave "reference". This may reduce the observed delay times.
CONCLUSIONS
Receiver functions can provide a shear-wave receiver statics solution at the onset of PS-wave processing, without the need for even a brute velocity analysis. Further, as we've illustrated here, these receiver functions provide an opportunity for an initial shear-wave splitting analysis in the very shallow section.
This example also highlights the unsurprising conclusion that our upcoming PS-waves are losing useful energy through conversion to P-waves in the weathered layer.
